Visual Sample Plan (VSP) is a software tool being developed to facilitate the design of environmental sampling plans using a site-map visual interface, standard equations for computing the number of samples (sample size) required for conducting statistical tests of hypotheses, a variety of sampling grids and random sampling plans, and graphs to visually depict the results to the user. The development of VSP has been ongoing for a number of years and several beta versions of the VSP code have been available for download from the web by individuals who wished to use a preliminary and partially tested code.
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Nomenclature
The following symbols, listed in alphabetical order, are used in many of the sample-size equations. Other symbols that are used in only a few places are defined in the text near their first use.
α is the probability of the statistical test making a Type I error, i.e., rejecting a true null hypothesis.
β is the probability of the statistical test making a Type II error, i.e., not rejecting a false null hypothesis.
∆ is the width of the gray region, i.e., the distance from the Action Level to the outer bound of the gray region in the Decision Performance Goal Diagram used in Step 6 of the Data Quality Objectives process.
n is the minimum recommended number of sampling locations at the study site.
m is the minimum recommended number of sampling locations at a second study site, for example, a reference or background site.
x is the arithmetic mean; 
Φ
is the cumulative standard normal distribution function;
Introduction
Visual Sample Plan (VSP) is a software tool developed to facilitate the design of environmental sampling plans using a site-map visual interface, standard equations for computing the number of samples (sample size) required for a suite of statistical hypothesis tests, a variety of sampling grids and random sampling plans, and graphs to visually depict the results to the user. VSP also can be used retrospectively to decide if a completed sampling design employed enough samples to make a desired hypothesis test statistically significant at specified decision error rates. Thus, VSP can assist the team planning an environmental sampling design at the beginning of a project as well as in assessing a survey after it has been completed.
Currently, VSP provides four methods to determine the number of samples to collect:
• equations developed for parametric statistics tests • equations developed for nonparametric statistics tests • algorithms for hot-spot-sampling problems • judgment sampling, which allows the user to select the number of samples.
VSP provides five methods to determine sampling locations:
• simple random sampling (SRS)
• systematic grid sampling using square, triangular, or rectangular grids • hot-spot sampling using square, triangular, or rectangular grids • adaptive-fill sampling in which previous sampling locations are avoided in the selection of new locations • manual selection in which the user picks the location by hand.
The VSP tool provides two types of random number generators for randomly selecting a sampling location:
• a pseudo-random number generator where each location has an equal and independent chance of being sampled • a quasi-random number generator where locations chosen during the current sampling plan are avoided.
The purpose of this report is to document the results of sample-size calculations made using a code written in the S-PLUS language to verify that the VSP implementation of the sample-size equations for various statistical tests of hypotheses is correct. This report provides comparisons between the number of samples calculated by version 0.9C of VSP and the number of samples calculated by the S-PLUS code for specified VSP input options. The sample sizes calculated are presented in Appendix A. The S-PLUS code is provided in Appendix B.
It should be noted that the algorithms and random number generators used for selecting sampling locations are not within the scope of this document. Also, readers of this report are assumed to have a good understanding of the Data Quality Objectives Process and associated statistical concepts.
2.1
Simple Random Sampling Designs
Simple random sampling (SRS) is the most simple and fundamental probability-based method for selecting sampling locations. SRS designs imply that any sampling location is equally likely to be selected to be sampled and the selection of one sampling location does not influence the selection of other locations. See Gilbert (1987) for more information on SRS designs.
Sample Size Equations for Parametric Statistics Tests
The following parametric statistics tests are used in VSP:
• One-sample t test
• Two-sample t test
The equations VSP uses to compute the number of samples (sample-size) for the two t tests above are from EPA (1996) .
In addition to the above tests, VSP also computes the number of samples required for calculating a confidence interval for a mean using the method in Gilbert (1987, p. 32) . The two tests and the confidence interval are appropriate if the data obtained are normally distributed or if enough samples are collected such that the distribution of the computed mean of the collected data is normally distributed. If the data or the computed mean are not at least approximately normally distributed then one of the nonparametric tests in Section 3.0 should be considered for use.
It is noted that the selection of a statistical test of hypothesis is an important consideration because the equation used in VSP to compute the number of samples required depends in part on the particular test selected, which in turn depends on the probability distribution of the data. Currently, VSP does not explicitly take into account any information the VSP user may have on the data distribution that applies to the study site of interest. However, consideration is being given to enhancing VSP so that data distribution information for the study site may be used by VSP in a simulation routine to determine the number of samples for any selected test or tests in VSP that are being considered for use. If that enhancement is made, then the VSP user could select the test that requires the smallest number of samples that would achieve the statistical test performance goals in terms of the test making correct conclusions.
2.2
Results for VSP Option Mean vs. Action Level: The One-Sample t -Test
The sample-size equation used for this option is (EPA 1996, p. 3.2-3) 2 2 1 1 2 1 2
VSP's implementation of this equation was tested using the VSPTest program written in S-PLUS. This program generated 15 test cases using random numbers drawn from a uniform distribution for alpha (α), beta (β), delta (∆), and the standard deviation (s). The original test file is in Appendix A, and the S-PLUS code is in Appendix B. In VSP, the null hypothesis "true mean ≥ action level" was selected and the test parameters for each test case in Table 2 .1 were entered into the VSP "Mean vs. Action Level" dialog box.
The VSP-calculated sample size is recorded in the "VSP-Calculated Sample Size" column in 
VSP's implementation of this equation was tested using the VSPTest program written in S-PLUS. This program generated 15 test cases using random numbers drawn from a uniform distribution for alpha, beta, delta, and the standard deviation. The original test file is in Appendix A, and the S-PLUS code is in Appendix B. In VSP, the null hypothesis "difference of the means ≥ specified difference" was selected and the test parameters for each test case in Table 2 .2 were entered into the "Mean vs. Reference Area Mean" dialog box. The VSP-calculated sample size is recorded in the "VSP-Calculated Sample Size" column in Table 2 .2. All VSP-calculated values agree with the values calculated by the test code. 
Results for VSP Option Confidence Interval for a Mean
The sample-size equation used for this option is from Gilbert (1987, p. 32) :
The t-distribution value is based on the degrees of freedom, df = n -1. Equation (3) must be solved iteratively because n appears on both sides. VSP's implementation of this equation, was tested using the VSPTest program written in S-PLUS. This program generated 15 test cases using random numbers drawn from a uniform distribution for the confidence level, the standard deviation, and the desired halfwidth of the confidence interval. The original test file is in Appendix A, and the S-PLUS code is in Appendix B. The test results are found in Table 2 .3. In VSP, the parameters for each test case in Table  2 .3 were entered into the "VSP Confidence Interval for a Mean" dialog box and the VSP-calculated sample size is recorded in the "VSP-Calculated Sample Size" column in Please see the MARSSIM guidance document (EPA 1997, pp. 2-34 to 2-38) for a discussion of the advantages and disadvantages of nonparametric tests.
The sample-size equations used for the nonparametric and parametric statistical tests in VSP are commonly used to approximate the number of samples required for the statistical tests. However, a valuable future addition to VSP would be a simulation capability that would empirically compare the sample-size requirements of parametric and nonparametric tests for a given data distribution. That is, for a specific data distribution believed to be appropriate for a study site, VSP could be coded to empirically determine the number of samples required for appropriate parametric tests and their nonparametric competitors for that particular data distribution. For some distributions the nonparametric test may require fewer samples to achieve the required test performance than that needed by a parametric test. Or, the opposite could occur. A choice of which test to use for the situation at hand could be made on the basis of the number of samples required. Consideration is being given to incorporating this added capability in VSP.
Results for VSP Option Mean vs. Action Level: Wilcoxon Signed Rank Test
The sample-size equation used for this option is (EPA 1996, p. 3.2-8)
VSP's implementation of this equation was tested using the VSPTest program written in S-PLUS. This program generated 15 test cases using random numbers drawn from a uniform distribution for alpha, beta, delta, and the standard deviation. The original test file is in Appendix A, and the S-PLUS code is in Appendix B. In VSP, the null hypothesis "true mean ≥ action level" was selected and the test parameters for each test case in Table 2 .4 were entered into the "Mean vs. Action Level Wilcoxon Signed Rank Test" dialog box. The VSP-calculated sample size is recorded in the "VSP Calculated Sample Size" column in Table 2 .4. All VSP-calculated values agree with the values calculated by the S-PLUS test code. 
Results for VSP Option Proportion vs. Given Proportion: One-Sample Proportion Test
The sample-size equation used for this option is (EPA 1996, p. 3.2-12)
where P 0 is the given proportion, i.e., the Action Level and P 1 is the outer bound of the gray region.
VSP's implementation of this equation was tested using the VSPTest program written in S-PLUS. This program generated 15 test cases using random numbers drawn from a uniform distribution for alpha, beta, delta, and P 0 . The original test file is in Appendix A, and the S-PLUS code is in Appendix B. The test results are found in Table 2 .5. In VSP, the null hypothesis "True mean ≥ action level" was selected and the test parameters were entered into the "Proportion vs. Given Proportion" dialog box. The VSPcalculated sample size is recorded in the "VSP-Calculated Sample Size" column in Table 2 .5. All VSPcalculated values agree with the values calculated by the test code. 
Results for VSP Option Comparison of Two Proportions: Two-Sample Proportion Test
The sample-size equation used for this option is (EPA 1996, p. 3.3-8)
where n = the minimum sample size for the survey unit m = the minimum sample size for the reference area P 1 = the unknown proportion in the survey unit. VSP estimates P 1 using P 1 = P 2 ± ∆ and chooses P 1 so that P is closest to 0.5 P 2 = the estimated proportion in the reference area entered by the user P = the average proportion, (P 1 + P 2 )/2 ∆ = the minimum difference in proportions to be detected at the given error rates (for this version ∆ > 0 and ∆ ≤ 0.5).
VSP's implementation of this equation was tested using the VSPTest program written in S-PLUS. This program generated 15 test cases using random numbers drawn from a uniform distribution for alpha, beta, delta, P 1 and P 2 . The original test file is in Appendix A, and the S-PLUS code is in Appendix B. The test results are found in Table 2 .6. In VSP, the null hypothesis "difference in proportions ≥ specified difference" was selected and the test parameters were entered into the "Comparison of Two Proportions" 2.8 dialog box. The VSP-calculated sample size is recorded in the "VSP-Calculated Sample Size" column in 
Test Results for VSP Option Comparison of Two Populations: Wilcoxon Rank Sum Test
The sample-size equation used for this option is (EPA 1996, pp. 3.3-10 to 3.3-12) 
where n = the minimum sample size for the survey unit m = the minimum sample size for the reference area ∆ = the width of the gray region, i.e., the minimum difference between the two means detectable at the given error rates.
[Note that EPA (1996) defines m to be the sample size for the survey unit and n to be the sample size for the reference area.]
VSP's implementation of this equation was tested using the VSPTest program written in S-PLUS. This program generated 15 test cases using random numbers drawn from a uniform distribution for alpha, beta, delta, and the standard deviation. The original test file is in Appendix A, and the S-PLUS code is in Appendix B. The test results are found in Table 2 .7. In VSP, the null hypothesis "difference of the 2.9 means ≥ specified difference" was selected and the test parameters were entered into the "Comparison of Two Populations" dialog box. The VSP-calculated sample size is recorded in the "VSP-Calculated Sample Size" column in 
Results for VSP Option MARSSIM Sign Test: Median vs. Action Level
The sample-size equation used for this option is (EPA 1997, p. 5-33)
where SignP is calculated using (Gogolak, Powers, and Huffert 1997, p. 9- 
VSP's implementation of this equation was tested using the VSPTest program written in S-PLUS. This program generated 15 test cases using random numbers drawn from a uniform distribution for alpha, beta, delta, the standard deviation, and SignP. The original test file is in Appendix A, and the S-PLUS code is in Appendix B. The test results are found in Table 2 .8. In VSP, the null hypothesis "true median ≥ action level" was selected and the parameters were entered into the "MARSSIM Sign Test" dialog box. The VSP-calculated sample size is recorded in the "VSP-Calculated Sample Size" column in 
where n is the minimum number of samples for a survey unit and the reference area and P r is calculated using (Gogolak, Powers, and Huffert 1997, p. 9-11) 2 r P σ
VSP's implementation of this equation was tested using the VSPTest program written in S-PLUS. This program generated 15 test cases using random numbers drawn from a uniform distribution for alpha, beta, delta, the standard deviation, and P r . The original test file is in Appendix A, and the S-PLUS code is in Appendix B. The test results are found in Table 2 .9. In VSP, the null hypothesis "true median ≥ action level was selected and the test parameters were entered into the "MARSSIM WRS Test" dialog box. The VSP-calculated sample size is recorded in the "VSP-Calculated Sample Size" column in 
Predetermined Number of Samples
The VSP option, Simple Random Sampling → Predetermined, allows the user to enter an arbitrary sample size. This allows the user to enter the number of samples required for a sampling design not currently supported by VSP. Because the user independently determines the sample size, there is no sample size equation to test for this option.
3.1
Other Sampling Designs
Parametric and Nonparametric Tests and Systematic Grid Sampling
The Systematic Grid Sampling → Parametric options and the Systematic Grid Sampling → Nonparametric options all use the sample-size equations listed in Section 2. The difference is in the way the sample locations are determined. For systematic-grid sampling, only the first point is selected at random. The remaining points are chosen from a square, triangular, or rectangular grid pattern starting at the randomly selected location. In some cases, the recommended minimum number of samples may be slightly higher for the grid sampling designs than the random sampling designs. This is due to the need for completing the balanced aspects required for grids.
Locating Hot Spots
As modifications are made to the ELIPGRID-PC algorithm, it is important to demonstrate the continuing integrity of the core algorithm. Singer gave 100 test cases divided between square, rectangular, and triangular grids that provide a test suite to check new ELIPGRID versions (Singer 1972) . These 100 cases in corrected order as described by Davidson (1994, Table B .2 (Davidson 1995b ).
The Systematic Grid Sampling → Locating Hot Spots options that depend on numerical search routines to find grid sizes or hot-spot sizes for specified conditions have not been independently tested. Internal cross-comparisons between these options and comparisons with externally calculated results would be helpful. However, this goes beyond the scope of the current test suite.
Judgment Sampling
VSP allows the user to manually add any number of sampling locations at any location in a highlighted survey unit. Because the number and location of the samples are arbitrary, there is no sample-size equation to test for this option.
4.1
Conclusions and Limitations
The comparisons given above between VSP-calculated sample sizes and sample sizes calculated by the S-PLUS test code verify that the sample-size equations used by version 0.9C of VSP are properly implemented for the set of VSP input options and scenarios used. However, all testing conducted in 1999 and reported here was for the case where the null hypothesis was "site does not meet the standard" (the specific wording of this generic null hypothesis varies for the different tests). Tests of version 0.9H of VSP reported in Gilbert et al (2001) indicated that the sample sizes for the one-sample test of proportion were not correctly computed when the null hypothesis "site does meet the standard" was selected by the VSP user. Also, it was determined that modifications to the two-sample test of proportion and the twosample t test were also required. Hence, the results in both this report and the Gilbert et al (2001) report must be used together to get a clear picture of the testing efforts made to verify that version 0.9H of VSP is correctly computing sample sizes.
Several other limitations in the testing done for this report should be noted.
• The VSP implementation of the hot-spot options that use numerical search algorithms were not validated. A full validation of these options would probably require some type of simulation approach such as used by Davidson (1995a) . That level of effort is beyond the scope of this document.
• The adaptive-fill option and the quasi-random sampling options were not tested. Testing these two options was beyond the scope of this document.
• The Measurement Quality Objectives (MQO) module of VSP version 0.9H was not tested because that model was not implemented in the version 0.9C tested here.
Finally, it should be noted that version 0.9C of VSP uses only equations to find recommended sample sizes. While this is the method that is widely used, it is recommended that computer simulation techniques be utilized in future versions as an adjunct to the equation-based methods currently used. Determining how many samples to take for an environmental sampling problem should make use of the powerful computing capabilities widely available through inexpensive PC technology.
A.1
Appendix A Sample Sizes Calculated with S-PLUS Test Code
This appendix contains the sample-size test file generated by the VSPTest program. Note that the "XXXX" values below are placeholders for VSP-calculated sample sizes. 1, .01 , .25), digits=2) Delta <-round(runif(1, .1, 5.0), digits=2) StdDev <-round(runif(1, 0.5, 10.0), digits=2) Z1MinusA <-qnorm(1.0 -Alpha) Z1MinusB <-qnorm(1.0 -Beta) # Calculate sample size EPA 1996, pp. 3.3-3 to 3.3-5 NumSamples <-ceiling(2*((Z1MinusA + Z1MinusB)*StdDev/Delta)^2 + 0.25*Z1MinusA^2) # Put numbers in correct format cat(paste( PadL(i,2), PadR(Alpha,4,"0"), PadR(Beta,4,"0"), PadR(Delta,4,"0"), PadR(StdDev,4,"0"), PadL(NumSamples,4),"XXXX",sep=",\t\t"),"\n") } #-----Tests of Confidence Interval for a Mean -----cat("\nTests of Confidence Interval for a Mean\n") cat("Case Type Conf. Level StdDev. 1/2 Width Test n VSP n\n") # Force the same string of "random" numbers each time set.seed(4) # Generate NumCases random test cases for(i in 1:NumCases) { ConfLevl <-round(runif(1, .50, .99), digits=2) Type <-ifelse(runif(1) > 0.5, "Two-Sided", "One-Sided") StdDev <-round(runif(1, 0.5, 10.0), digits=2) Delta <-round(runif(1, 0.1, 2.0), digits=2) if (Type == "Two-Sided") { UseConfLevl <-0.5 + ConfLevl/2 } else { # One-Sided Case UseConfLevl <-ConfLevl } # Calculate sample size using Gilbert 1997, p. 32 dNumZ <-ceiling((qnorm(UseConfLevl)*StdDev/Delta)^2) if (dNumZ <=2.0) {dNumZ <-2.0} dNum1 <-dNumZ nTrial <-0 
